Background and Purpose-Neurogenesis can arise from neural stem/progenitor cells of the subventricular zone after strokes involving both the cortex and striatum. However, it is controversial whether all types of stroke and strokes of different sizes activate neurogenesis from the subventricular zone niche. In contrast with cortical/striatal strokes, repair and remodeling after mild cortical strokes may involve to a greater extent local cortical stem/progenitor cells and cells from nonneurogenic niches. Methods-We compared stem/progenitor cell responses after focal cortical strokes produced by distal middle cerebral artery occlusion and cortical/striatal strokes produced by the intraluminal suture model. To label migrating neuroblasts from the subventricular zone, we injected DiI to the lateral ventricle after distal middle cerebral artery occlusion. By immunohistochemistry, we characterized cells expressing stem/progenitor cell markers in the peri-infarct area. We isolated cortical stem/progenitor cells from the peri-infarct area after distal middle cerebral artery occlusion and assayed their self-renewal and differentiation capacity. Results-In contrast with cortical/striatal strokes, focal cortical strokes did not induce neuroblast migration from the subventricular zone to the infarct zone after distal middle cerebral artery occlusion. By immunohistochemistry, we observed subpopulations of reactive astrocytes in the peri-infarct area that coexpressed radial glial cell markers such as Sox2, Nestin, and RC2. Clonal neural spheres isolated from the peri-infarct area after distal middle cerebral artery occlusion differentiated into neurons, astrocytes, oligodendrocytes, and smooth muscle cells. Notably, neural spheres isolated from the peri-infarct area also expressed RC2 before differentiation. Conclusions-Mild cortical strokes that do not penetrate the striatum activate local cortical stem/progenitor cells but do not induce neuroblast migration from the subventricular zone niche. (Stroke. 2010;41:e552-e560.)
S
everal types of stem/progenitor cells have been reported in the adult brain, including neural stem/progenitor cells (NSCs) in neurogenic niches such as the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone of the hippocampus, oligodendrocyte progenitor cells, progenitor cells from the subcallosal zone, cortical stem/progenitor cells, and white matter progenitor cells. [1] [2] [3] [4] [5] Central nervous system injury also activates reactive astrocytes in the cortex and white matter, and some reactive astrocytes may act as progenitor cells after injury. 6 Activation of the various cell types and their relative abilities to promote repair after central nervous system injury is a vigorous area of investigation. [7] [8] [9] Neurogenesis from neurogenic niches has been documented after stroke and newly born neurons were observed in both the striatum 10 -13 and in the cortex. 14, 15 However, the origin of new neurons in the cortex after injury remains controversial. Some reports demonstrated neuroblast migration from the SVZ to the injured cortex. 14, 15 In contrast, some groups suggested that neuroblast migration from the SVZ to the cortex does not occur after stroke. 11 To examine stem/progenitor cell responses to different size strokes, we induced focal cortical infarcts by distal middle cerebral artery occlusion (dMCAO) and compared them with cortical/striatal strokes produced by the intraluminal suture model. In contrast to cortical/striatal strokes induced by the intraluminal model, SVZ-derived neuroblasts did not migrate to the infarct area from the lateral ventricle at 3, 14, or 28 days after dMCAO. By immunohistochemistry, we identified several proliferating cell types in the peri-infarct area such as Sox2-positive cells, Nestin-positive cells, glial fibrillary acidic protein (GFAP)-positive reactive astrocytes, and RC2-positive reactive astrocytes in the cortex and bordering white matter 3 days after stroke. We isolated local stem/progenitor cells from the peri-infarct region. Clonally-derived neural spheres from these isolates expressed the radial glial cell marker RC2 and differentiated into neurons, astrocytes, and oligodendrocytes ex vivo. Despite their multipotency in culture, 5-bromodeoxyuridine (BrdU) tracing studies demonstrated that the local stem/progenitor cells engaged in gliogenesis (astrocytes and oligodendrocytes) but not neurogenesis in vivo. Strategies to enhance neurogenesis from locally derived cell populations may augment repair after mild cortical stroke.
Methods

Distal Permanent Middle Cerebral Artery Occlusion
All animal work was approved by the University of Vermont Office of Animal Care in accordance with National Institutes of Health guidelines. Adult male mice 6 to 8 weeks of age (Taconic, Hudson, NY) were anesthetized with isoflurane (1% to 5%; Webster Veterinary, Sterling, Mass). Body temperature was maintained with a heated pad. Focal cerebral ischemia was produced by permanently ligating the middle cerebral artery (MCA) through a small burr hole in the skull. 16, 17 Intraluminal MCA Occlusion Surgery A tip of 7-0 nylon suture was heated and a round ball was formed. The suture was dipped into poly-L-lysine solution, dried for 30 minutes, and cut to 1.5 cm in length. Adult male C57/BL6 mice were anesthetized with isoflurane and body temperature was maintained with a heated pad. The external carotid artery and common carotid artery were occluded by 8-0 suture. The internal carotid artery was occluded loosely. The 7-0 round tip nylon (tipped) suture was introduced into the internal carotid artery and advanced 8 to 10 mm distal to the carotid bifurcation to occlude the MCA. The 7-0 suture was tied by the 6-0 suture at the internal carotid artery. Mice that did not show any neurological deficit 1 hour after ischemia were excluded from the experiment.
Stereotaxic Surgery
Stereotaxic surgery was performed immediately after dMCAO surgery. Stereotaxic surgery was used to deliver 50 mol/L DiI (CellTracker CM-DiI; Invitrogen) in 5 L of phosphate-buffered saline into the lateral ventricle (lateral ventricle coordinates: anteroposterior, Ϫ0.3 mm, mediolateral Ϯ1.0 mm, and dorsal/ventral Ϫ3.0 mm). The solution was delivered at a rate of 1 L/min. Three days or 14 days later, mice were euthanized.
BrdU Administration
Mice received 50 mg/kg BrdU by an intraperitoneal injection for 3 or 5 consecutive days from day 1 after dMCAO. Mice were euthanized on Day 14 or 28 after dMCAO.
Neural Stem/Progenitor Cell Isolation
One or 3 days after dMCAO, brains were removed, placed into a polyacrylic brain block (Acrylic Matrices, RBMA-200C; World Precision Instruments, Sarasota, Fla), and cut coronally in 1-mm sections. The peri-infarct area was dissected under a light microscope. Tissues from the anterior lateral ventricle, posterior lateral ventricle, hippocampal arch, dentate gyrus, and third ventricle were carefully excluded. [Mediatech] , and 100 U/mL penicillin/100 g/mL streptomycin, in Neurobasal A [Invitrogen]) in a 100-mm 2 dish (Nunc; Thermo Fisher Scientific, Rochester, NY). The resulting neural spheres were cultured for 1 to 2 weeks before passage and differentiation.
For clonal experiments, low-density cultures (10 000 cells/mL density) were started directly from a single cell suspension of peri-infarct tissue. Individual small spheres (approximately 10 cells per sphere) were pipetted under microscopy into separate wells of 24-well plates. The clonally isolated neurospheres were expanded and passaged in NSC medium for further studies. For secondary sphere formation assays, primary spheres were dissociated. Cells were plated again in NSC medium (24 well plates, 20 cells/L density, 500 L per well). Seven days after plating, sphere number was counted under microscopy. For tertiary sphere formation assays, secondary spheres were dissociated, plated, and counted as described previously.
NSC Differentiation
Twelve-square-millimeter round cover glasses (Electron Microscopy Sciences, Hatfield, Pa) were coated with 5 g/mL laminin/ poly-D-lysine (Laminin [BD Biosciences], poly-D-lysine [BD Biosciences]) in 24-well plates (Nunc) for 1 hour. Clonally isolated spheres (passage 0 to 2) were plated into the 24-well plates and cultured in NSC medium for 1 day. For differentiation, the clonal spheres were cultured for 7 days in Neurobasal A with B27, 2 mmol/L L-glutamine, 100 U/mL penicillin/100 g/mL streptomycin, and then in the following mediums: basic medium, 1% fetal bovine serum; astrocyte/smooth muscle cell medium, 10% fetal bovine serum; or neuronal medium, 0.1 mmol/L dbcAMP (Sigma), and 10 ng/mL basic fibroblast growth factor.
Cresyl Violet Staining
After perfusion fixation using 4% paraformaldehyde (USB, Cleveland, Ohio), brains were postfixed in 4% paraformaldehyde overnight and equilibrated in 30% sucrose at 4°C. They were then frozen in OCT compound (Tissue-Tek; Sakura, Tokyo, Japan) and sectioned coronally at 20 m. Slides were stained with cresyl violet for 15 minutes and coverslipped. The sections were digitally scanned (EPSON perfection V500 Photo; EPSON, Nagano, Japan).
Immunohistochemistry
Sections were treated with antisera for immunohistochemical detection (see Supplemental Table I ; available at http://stroke.ahajournals.org). Sections were incubated in 100% cold methanol for 30 minutes and phosphate-buffered saline for 15 minutes. For BrdU staining, sections were treated with 2 N HCl for 30 minutes at 37°C and washed before the incubation with blocking buffer. Sections were then blocked in blocking buffer (5% normal goat serum, 0.4% Triton X in phosphate-buffered saline) for 1 hour at room temperature. Sections were incubated in the primary antibodies at 4°C overnight. After 3ϫ phosphate-buffered saline washes, sections were incubated in secondary antisera (Alexa Fluor 488, Alexa Fluor 594 or Alexa Fluor 350, 1:500; Molecular Probes) for 1 hour at room temperature. Cell nuclei were stained with 4Ј,6-diamidino-2-phenylindole (VECTASHIELD Monting Medium with DAPI, Vector Laboratories, Burlingame, Calif). Isotype controls, rabbit IgG (2 g/mL), mouse IgG (2 g/mL), and mouse IgM (2 g/mL) were used as negative controls for immunohistochemical stains (Supplemental Figure I ). Photomicrographs were obtained using an epifluorescence deconvolution microscope with an x,y,z stage (Leica DM6000B; Leica, Wetzlar, Germany) with Leica FW4000 software.
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For deconvolution, images were obtained every 0.1 m under 100ϫ magnification and deconvolved using Leica Deblur software.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature and washed with phosphate-buffered saline 3 times. Cells were blocked with blocking buffer and incubated with primary antisera. After 3ϫ phosphate-buffered saline washes, cells were incubated in secondary antisera for 1 hour at room temperature. The coverglasses were mounted on a slide with 4Ј,6-diamidino-2-phenylindole.
Cell Quantification and Statistics
Microbrightfield Bioscience Stereo Investigator software (Colchester, Vt) was used for stereologic sampling for immunohistochemical quantifications. Cell counts were performed by observers blinded to sample identity. Infarct area was defined by tissue autofluorescence. We defined the cortical counting area radially by 200 m outside the 
Results
The SVZ Niche Is Activated After Cortical/Striatal Stroke but Not Focal Cortical Stroke
It has been shown that strokes generated with the intraluminal model damage the striatum and induce neurogenesis from the SVZ. 18 However, it is unclear whether all types of stroke induce neuroblast migration from the SVZ. Accordingly, we compared neuroblast migration from the SVZ in animals with different infarct sizes produced by the dMCAO model (cortical) and the intraluminal model (cortical/ striatal; Figure 1A and B, respectively). After dMCAO, the infarct region was typically localized to the sensory cortex and a portion of the motor cortex but did not include the striatum ( Figure 1A ). In brains with intraluminal occlusion of the MCA, the infarct area was observed in both the cortex and the striatum, approaching the lateral ventricle wall ( Figure 1B ). In agreement with the literature, after cortical/striatal stroke, we observed doublecortin-positive neuroblasts migrating from the SVZ toward the infarct region in the striatum ( Figure 1D ). In contrast, after dMCAO, we did not observe doublecortin-positive neuroblasts exiting the SVZ ( Figure 1C ). With cortical/striatal stroke, we observed that RC2-positive and/or BLBP-positive radial glial-like cells extended their processes into the striatum from the SVZ, suggesting that the radial glial-like cells might function as scaffolds for migrating neuroblasts ( Figure 1F ). However, after focal cortical stroke, we did not observe any RC2-positive radial glial-like cells in the SVZ ( Figure 1E) .
To delineate the peri-infarct area (which is typically flanked by reactive astrocytes), we localized reactive astrocytes with antisera against Nestin. We did not observe any PSANCAM-positive or doublecortin-positive neuroblasts that were migrating from the SVZ to the peri-infarct or the infarct areas at 3, 14, or 28 days after focal cortical stroke (Figure 2A-B; Supplemental Figure I ). Furthermore, we did not see any differences in doublecortin staining between the 
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ipsilateral and contralateral SVZ at 3, 14, or 28 days after focal cortical stroke ( Figure 2C ; Supplemental Figure I ).
Lack of Neuroblast Migration From the SVZ to the Cortex After Focal Cortical Stroke
To confirm that neuroblasts from the SVZ had not migrated to the peri-infarct or infarct areas at 3 or 14 days after focal cortical stroke, cells at the SVZ were labeled by DiI injection into the lateral ventricle immediately after dMCAO surgery. As a positive control, successful DiI labeling was confirmed by localization of DiI-positive cells in the rostral migratory stream ( Figure 2D -E). We did not observe doublecortin-or PSANCAM-positive DiI-positive cells in the peri-infarct area at 3 or 14 days after stroke ( Figure 2B) . Interestingly, however, we detected a few DiI-labeled cells in the periinfarct area at both 3 and 14 days after stroke. The DiI-labeled cells were positive for the pan-hematopoietic marker CD45, indicating that they were likely to be either macrophages or microglial cells (Supplemental Figure I) .
Reactive Astrocytes Expressing Radial Glial Cell Markers 3 Days After Stroke
A previous report demonstrated that reactive astrocytes isolated from the brain after stab injury became multipotent neural stem cells in culture. 6 Sox2 is a marker of neural stem cells in the hippocampus and lateral ventricle and is also expressed by astrocytes in the uninjured cortex. 19, 20 We found that GFAP-positive cells expressed Sox2 in the brains of sham-operated mice and those with stroke ( Figure 3A ). GFAP-positive cells also expressed Nestin, a marker of radial glial cells, neural progenitor cells, and reactive astrocytes, and/or the RC2 antigen ( Figure 3B ). The RC2 antigen is the most commonly used radial glial cell marker. 21 Interestingly, only the most inner layer of GFAP-positive reactive astrocytes at the edge of the peri-infarct area labeled with the RC2 antibody. All of the RC2-positive cells coexpressed Nestin ( Figure 3H ). We did not observe any RC2-positive cells or Nestin-positive cells in the cortex or white matter in sham-operated brains ( Figure 3B and data not shown).
To determine whether the RC2-positive reactive astrocytes were proliferating, we performed double immunohistochemistry against RC2 and Ki67 ( Figure 3C ). The number of RC2-positive cells and Ki67-positive cells significantly increased in the cortex and in the white matter 3 days after stroke (RC2: cortex, 159Ϯ86 versus 2450Ϯ597 cells/mm 2 Figure 3D -E).
We found that approximately half of the RC2-positive cells were positive for Ki67 (48.1Ϯ1.9%; nϭ5), suggesting that RC2-positive cells from the cortex and white matter were proliferating as observed for radial glial cells during brain development. Because we observed RC2-positive and RC2-negative GFAP-positive reactive astrocytes in the white matter, to distinguish them, we called the RC2-positive cells "RC2 reactive astrocytes" (RC2/GFAP double-positive cells: 66.7Ϯ10.8%; nϭ3). The RC2-postive cells were not likely to derive from oligodendrocyte progenitor cells because they did not express the NG2 proteoglycan (data not shown).
Isolation of Locally Derived Stem/Progenitor Cells After Stroke
We isolated local stem/progenitor cells from the peri-infarct area (black box in Figure 4A ) of the cortex and white matter 1 and 3 days after dMCAO and cultured them as spheres in NSC growth medium. As a negative control, tissues from the contralateral side of the brain were also harvested. Spheres formed from tissue derived from the ipsilateral peri-infarct region but not from the analogous contralateral region after 1 to 2 weeks in culture (nϭ5). To examine self-renewal Figure 4 . Multipotency of cells cultured from the peri-infarct area. A, Schematic illustration of cell isolation. The black box is the area of harvest. B, Self-renewal of locally derived spheres isolated 3 days after stroke. The data are expressed as the mean number of spheres generated per 10 000 dissociated cells from primary or secondary spheres (nϭ3). The number of spheres was counted after 7 days of culture. C, CЈ, CЉ, Expression of Sox2 (green) and RC2 (red), a radial glial cell marker. D, DЈ, DЉ, Expression of Nestin (green) and CD15 (red), a cortical stem cell marker. Recently attached spheres expressed CD15. Cells that migrated peripherally from the attached spheres did not express CD15. E, EЈ, EЉ, Expression of RC2 (green) and Nestin (red). F, Clonal differentiation into oligodendrocytes (O4, green), neurons (Tuj1, red), and astrocytes (GFAP, blue). Clones isolated from the peri-infarct area at both day 1 and day 3 after stroke all differentiated into (G) neurons (Tuj1, green) (H) astrocytes (GFAP, green), (I) oligodendrocytes (O4, green), and (J) smooth muscle cells (SMA, red).
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capacity, we performed sphere formation assays. Primary spheres derived from the tissue were dissociated and the resulting cells were diluted and plated into the wells of a 24-well dish (20 cells/L in 500 L medium). Seven days after plating, the number of spheres as counted under microscopy (secondary spheres 174.7Ϯ10.3 spheres/10 000 cells, tertiary spheres 205.7Ϯ37.0 spheres/10 000 cells [nϭ3 wells counted per donor, 2 donors]; Figure 4B ). In NSC growth medium, the stem/progenitor cells expressed markers such as Sox2, CD15 (Lex/ssea-1), Nestin, and RC2, but not NG2 ( Figure 4C -E and data not shown). To test for multipotency, we differentiated clonally isolated spheres. The clonal spheres differentiated into neurons in addition to astrocytes, oligodendrocytes, and smooth muscle cells ( Figure 4F -J).
Mature Neurons Were Not Generated 28 Days After dMCAO
To determine whether the local stem/progenitor cells produced new neurons in the cortex after focal stroke, we administered the thymidine analog, BrdU, for 3 or 5 consecutive days starting 1 day after the dMCAO surgery and then euthanized the mice at 14 or 28 days after dMCAO ( Figure   5A ). We performed double immunohistochemistry against BrdU and NeuN, a mature neuronal marker, to track the fate of cells that had divided after dMCAO (nϭ3 animals). We observed no BrdU-labeled neurons in either the cortex or the white matter ( Figure 5B , BЈ). To determine whether the local progenitor cells had differentiated into other cell types, we performed double immunohistochemistry against BrdU with the astrocyte marker, GFAP, or the oligodendrocyte marker, glutathione S-transferase-. We observed both BrdU-positive astrocytes and oligodendrocytes in the cortex and the white matter ( Figure 5C -DЈ).
Discussion
Adult neurogenesis from neurogenic niches (SVZ and the subgranular zone) has been intensively studied in both normal and injured brains. 2, 10, 11 However, whether or not mild cortical strokes induce neurogenesis from the SVZ is controversial. 7, [22] [23] [24] [25] So far, little evidence exists for surviving newly born neurons in the peri-infarct area and cortex after mild cortical stroke models and other cortical injury models. 7, 11, 26, 27 By BrdU tracing, we did not find any newly born neurons that survived in the peri-infarct area after focal cortical stroke. Further- more, we found that focal cortical stroke did not induce neuroblast migration from the SVZ in the adult mouse brain as opposed to the neuroblast migration observed after cortical/striatal stroke. The proximity of stroke injury to the lateral ventricle wall may determine whether there is a stem/progenitor cell response from the SVZ. Alternatively, focal (mild) cortical stroke may not induce neuroblast migration from the SVZ because it does not directly injure the SVZ itself. The dMCAO model produces stroke by disruption of blood flow to cortical surface arteries. Other MCA occlusion models are generated by occlusion of the proximal MCA that disrupts blood flow to areas including the lateral ventricle. Because the neurovascular relationship is a key factor in maintaining the neurogenic niche at the SVZ, 28 reduced blood flow to the SVZ may impact neurogenesis. In proximal MCA occlusion models, newly born mature neurons in the striatum, radial glial-like cells at the SVZ, and/or migration of neuroblasts to the infarct zone have been reported, suggesting that the disruption of blood flow in neurogenic niches may induce neurogenesis. 14, 29, 30 In support of this concept, mild cortical stroke models that combine distal MCA occlusion with transient proximal carotid artery occlusion do induce neurogenesis from the SVZ. 14, 31 Do actual multipotent stem/progenitor cells reside in the peri-infarct area after stroke or arise instead from reactive astrocytes that are activated by injury and acquire multipotency in culture, or both? White matter progenitor cells, oligodendrocyte progenitor cells, and cortical stem/progenitor cells were all reported to possess the capacity for neuronal differentiation in culture. 2, 3, 5, 32 In addition, reactive astrocytes isolated after brain stab injury were also shown to be multipotent in culture. 6 The RC2 reactive astrocytes in vivo and RC2-positive neurosphere-forming cells in culture may arise from mature astrocytes that re-express proteins after injury that are associated with radial glial cells. Genetic lineage tracing studies will likely help to resolve issues regarding both the origin and differentiation capacity of local stem/progenitor cells in vivo after stroke.
Conclusion
In contrast with cortical/striatal stroke, focal cortical stroke did not induce neuroblast migration from the SVZ. Neural stem/progenitor cells isolated from the peri-infarct area were multipotent and readily differentiated into neurons in culture. However, we detected no newly born neurons in the periinfarct area after stroke. Strategies to enhance neurogenesis from local cortical stem/progenitor cell populations or RC2 reactive astrocytes rather than cells of the SVZ may improve repair after mild cortical stroke. 
